This paper investigated toxicity of three engineered nanoparticles (ENP), namely, Al 2 O 3 , SiO 2 , and TiO 2 to the unicellular green algae, exemplified by Pseudokirchneriella subcapitata with an emphasis on particle size. The changes in pH, cell counts, chlorophyll a, and lipid peroxidation were used to measure the responses of the algal species to ENP. The most toxic particle size was TiO 2 at 42 nm with an EC20 of 5.2 mg/L and Al 2 O 3 at 14-18 nm with an EC20 of 5.1 mg/L. SiO 2 was the least toxic with an EC20 of 318 mg/L. Toxicity was positively related to the surface charge of both ENP and algae. The chlorophyll content of the algal cells was influenced by the presence of ENP, which resulted in limited light and availability of nutrients due to increase in turbidity and nutrient adsorption onto the ENP surface, separately. Lipid peroxidation was attributed to reactive oxygen species (ROS). Fast reaction between algal cells and ROS due to direct contact between TiO 2 and algal cells is an important factor for lipid peroxidation.
Introduction
Nanomaterials have been used in industrial applications and commercial products at a rapid pace. New types of NM are being developed every day. These new materials can be more hazardous than their bulk states due to not only small size but also numeral novel properties. Among these particles, TiO 2 , SiO 2 , and Al 2 O 3 have been shown to have adverse effects on the pulmonary systems [1] [2] [3] . There have been a few studies on the effect of these particles on algae. Van Hoecke et al. [4] observed changes in the growth rate of P. subcapitata when exposed to SiO 2 . Warheit et al. [5] reported growth inhibition of P. subcapitata with a 72-hour EC50 of 87 and 61 mg/L for TiO 2 at size of 38.5 and 100 nm, respectively. Ji et al. [6] reported a 6-day survival EC50 of 120 mg/L for anatase with a size of 20-50 nm. Literature results so far have indicated a clear dose-response relationship between microbial survival and ENP concentration. However, more studies are needed to illustrate the mechanisms of microbial responses to ENP.
Reactive oxygen species (ROS) are generated in the thylakoid membrane during photosynthesis [7] . Hydrogen peroxide has been suggested to be the dominant species of ROS in algae. This is due to relatively long reaction time involving hydrogen peroxides, approximately 1 millisecond compared to nanoseconds of other ROS species. The ROS-protective mechanisms of algae include superoxide dismutase, ascorbate peroxidase, catalase, and glutathione peroxidase [7] . The photoactivity of TiO 2 also generates ROS. The generation of ROS has also been linked to particle size, crystalline structure, and surface defects [8] . The particle size is an important variable in that as the specific surface area increases reversely proportionally to particle diameter. The increase in specific surface area will result in the increase in specific quantum yield of photocatalytic particles thus increasing the ROS generation [9] [10] [11] . Bakardjieva et al. [10] demonstrated that as the specific surface area of TiO 2 increased, 4-chlorophenol degradation increased. Tesng et al. [9] indicated that 2-chlorophenol degradation decreased with increased primary particle size. The size effect on photoctalytic capacity has been 2 Journal of Nanotechnology seen in other particles including CdS [12] , HgSe and PbSe [13] , ZnO [14] , and SnO 2 [15] . It was concluded that particle size of quantum dots is one major factor affecting cytotoxicity [16] . Kashiwada [17] demonstrated that latex nanoparticle was adsorbed to spawned ST II eggs at an optimum particle size of 474 nm. Adams et al. [18] examined the effect of particle size of TiO 2 , SnO 2 , and ZnO on B. subtilis and E. coli and observed some degree of toxicity whether the particles were under light or not. However, they were unable to draw conclusion about the particle size effect due to the change of particle size once in suspension.
The objective of this study was to determine the toxicity of photocatalytic (e.g., TiO 2 ) and non-photocatalytic nanoparticles (e.g., Al 2 O 3 and SiO 2 ) over a wide range of particle size by evaluating the effects on cell population, chlorophyll, and lipid peroxidation on P. subcapitata. The mode of toxicity was also examined.
Methods and Materials
2.1. Nanoparticles. Stock suspensions of 2 g/L were made with aluminum oxide, silica dioxide, or titanium dioxide in 150-500 mL of Erlenmeyer flask with algal growth medium [19] . Table 1 gives the information about the physical and chemical properties of ENP materials studied. The stock suspensions were autoclaved for 20 minutes at 120
• C at least one day prior to experiment and stored at room temperature until use.
Algal
Culture. Algal culture, P. subcapitata, was purchased from Aquatic Biosystems (Fort Collins, CO). The algal inoculums were stored at 4
• C in the dark for no longer than 6 months. Culturing of the algae in 3 L continually stirred tank reactor (CSTR) followed that of Metzler [20] . Hydraulic residence time (HRT) of the CSTR was 3 days, with a flow rate of 50 mL/h.
Growth Chambers.
Growth chambers were approximately 80 cm × 62 cm × 68 cm, wood or metal frame that was covered in black cloth. A bank of 6 fluorescent lights was suspended overhead on the frame. Lights used included model GE PL/AQ F12T20 (General Electric, Fairfield, CT), Gro-lux F12T20/Gro/AQ, and 2 Sylvania Gro-lux wide spectrum F12T20/Gro/AQ/WS (Rutherford, NJ, USA). These light fixtures supplied an average lux of 1632±157, measured from the top of the test beakers. A muffin fan or centrifugal miniblower removed excess heat generated by the lights. Each fan or blower used was suspended on the outside of the chamber approximately 1 inch below the lights, with an access port cut into the cloth. An orbital platform shaker held the beakers and was set to oscillate at 150 rpm.
Exposure Experiments.
Aliquots of stock NP were added to a series of 1 L beakers. Stock suspensions were continuously stirred with a magnetic stirring bar during this time. Algal growth medium was then added to the beakers to bring the volume to 100 mL. The suspensions were sonicated for 2 minutes at a power level of 48 W using a Cole-Palmer 4710 series ultrasonic homogenizer. The suspensions were then allowed to equilibrate for one hour. After one hour, 100 mL of the CSTR algal culture was added to the NP suspension to achieve an algal cell density of 1.4 ± 0.9 × 10 6 cell/mL. The samples were then placed in one of three growth chambers. The duration of the exposure test was 4 days.
Each day during the course of exposure experiment the sample pH was measured with a Corning pH/ion analyzer 350 equipped with a Corning semimicro combo pH probe. Additionally, the minimum and the maximum temperatures of the growth chambers were recorded for each 24-hour time period. At the end of the 4-day exposure, the sample volume remaining was determined by measuring the difference in volume before and after exposure runs. Forty milliliters of sample were collected in 50 mL Fisherbrand centrifuge tubes which were analyzed for chlorophyll a. Additionally, 12 mL were collected in 15 mL Fisherbrand centrifuge tubes and analyzed for cell density and lipid peroxidation. The samples were stored at 4
• C in the dark (a maximum of 7 days) until analyzed. According to Weber et al. [21] , no changes in chlorophyll content should occur of this time period.
Cell densities were measured by direct cell counts. One milliliter of sample was diluted in 1 mL of 0.5 M lauryl sulfate. This was then mixed on a Dade vortex shaker model S8223-1 for 2 minutes. An aliquot of sample was then added to a hemocytometer for counting on an Olympus AX70 microscope; samples were counted a minimum of 4 times. Cell densities were converted into total cell population by multiplying the cell counts by the volume of sample remaining in the 1 L test beakers at the end of the test duration. The total cell populations were then corrected for the initial population and normalized based on the control, using the following equation:
where R s is the normalized growth, ρ is the cell density (cell/mL), v is the volume of sample at the end of the 4-day exposure period (mL), t is the duration a sample was exposed to a specific ENP, and c is the control sample with no treatment. For the determination of chlorophyll a, the samples were concentrated to between 0.5-3 mL, and then analyzed according to Standard Methods for the Examination of water and Wastewater [22] . In brief, the concentrated samples were added to glass homogenization tubes. The 50 mL sample tubes were rinsed with a few milliliters of Mg acetone (2.0 g of (MgCO 3 ) 4 and Mg(OH) 2 ·5H 2 O diluted to 200 mL in distilled deionized water then diluted 1 : 10 in acetone). The volume in the homogenization tube was brought to 3 mL with Mg-acetone solution. The samples were then homogenized for 1 minute at 2000 rpm with a Glas-Col variable speedreversible homogenizer. The samples were then steeped at 4
• C in the dark for 2 hours in 15 mL plastic centrifuge tubes. After the steep time, the samples were centrifuged for 30 minutes at 664 ×g . The optical density of the supernatant was measured at 750 and 664 nm, respectively, on a HewlettPackard UV-Vis model 8525A. HCl (0.1 mL of 0.1 N) were added to the samples and the optical density was measured 
where A 665 is the absorbance at 664 nm before adding acid, A 665 is the absorbance at 665 nm after adding acid, V 1 is the volume of extract (L), V 2 is the sample volume (m 3 ), and l optical path (cm). The specific chlorophyll a was calculated by the following expression:
where y is the specific chlorophyll a (mg Chla/cell), [Chla] is the concentration of chlorophyll a (mg Chla/m 3 ), and ρ is the cell density (no. cell/mL). The specific chlorophyll a, y, was then normalized with respect to the control according to the following equation:
where Y is the normalized specific chlorophyll a (dimensionless), y is the specific chlorophyll a (mg Chla/cell), and y c is the specific chlorophyll a of the control (mg Chla/cell). Finally, analysis of sample for lipid peroxidation followed the method in Maness et al. [23] . In brief, 1 mL of sample was added to 2 mL of 10% trichloroacetic acid. The samples were then centrifuged for 45 minutes at 11000 ×g. The supernatant was then added to 3 mL of 6.7 g/L 2-thiobarbituric acid, which was previously heated to 60
• C in order to dissolve the solid. The samples were then heated in boiling water for 10 minutes. After cooling, the absorbance of samples was measured on a Hewlett-Packard UV-Vis model 8525A at 532 and 600 nm wavelengths, respectively. The absorbance at 532 nm was corrected for the background at 600 nm. Calibration standards were made from 1,1,3,3-tetramethoxypropane. The specific lipid peroxidation (z) was calculated by the following equation:
where z has the unit of pmol MDA/cell, [MDA] is the concentration of malondialdehyde-thiobarbituric acid complex measured (μM), ν is the volume of sample at the end of the 4 day exposure (mL), and ρ is the cell density (no. cell/mL). The z value was then normalized against the control according to the following equation:
where Z is relative lipid peroxidation (dimensionless), z is the specific lipid peroxidation of the sample (pmol MDA/cell), and z c is the specific lipid peroxidation of the control (pmol MDA/cell). Dose-response curves were used to calculate the effective concentration (EC). The USEPA [19] uses daily cell density to calculate the growth inhibition concentration (IC). The number of samples to be processed per day made this impractical. Lethal concentration (LC) values, defined as the total number of organisms that died during exposure, were not used to determine the toxicity of NP to algae. Therefore, EC was chosen. EC value is defined as the difference in total growth between control and test sample. EC20 and EC50 are concentrations that limit growth to 20 and 50% of the control samples.
Results
The size and type are important attributes of ENP. The major objective of the present research was to determine how particle size and type will affect the physiology and biochemical behavior of algae exemplified by P. subcapitata. The algal cells were exposed to TiO 2 , Al 2 O 3 , and SiO 2 for 96 h at various size classes and concentrations. During the time of exposure, the average temperature was 23.0 ± 1.2
• C and the average pH was 7.6 ± 0.4.
Effect of Particle Concentration.
In order to determine the effect of NP concentration on P. subcapitata, Al 2 O 3 (17.6 nm), SiO 2 (14.3 nm), and TiO 2 (18.7 nm) were selected due to their similarity in size. Figure 1 shows the doseresponse curves of Al 2 O 3 , SiO 2 , and TiO 2 in terms of normalized specific growth (R s ). In all cases, as concentration increased from 0 to 1000 mg/L, the R s decreased. EC20 values were calculated using SigmaPlot version 9.01 as follows: Al 2 O 3 (17.6 nm) = 5.14 mg/L, TiO 2 (18.7 nm) = 129 mg/L, and SiO 2 (14.3 nm) = 318 mg/L.
Chlorophyll content of algae can be used as a measurement of physiological health [22] . In order to determine if NP was stressing the algae, chlorophyll a measurements were conducted. Figure 2 shows chlorophyll a content plotted against the concentrations of the respective NP. It can be seen that there was a slight increase in the chlorophyll content as the Al 2 O 3 concentration was increased to about 10 mg/L. Error bars were not shown in Figure 3 for SiO 2 due to large values. Al 2 O 3 caused an increased normalized specific MDA only at concentration >100 mg/L. The maximum normalized specific MDA was 2.8 ± 2.7 at 1000 mg/L of Al 2 O 3 . For TiO 2 ( Figure 3 ) normalized specific MDA decreased from 1 to 0.61 when the TiO 2 concentration was increased from 0 to 30 mg/L, respectively. At concentrations greater than 30 mg/L, the normalized specific lipid peroxidation increased until a maximum of 1.8 ± 1.4 at 600 mg/L was reached for TiO 2 . The increase in normalized specific MDA was most likely due to photocatalytic properties of the TiO 2 .
Particle Size Effect.
In order to determine how particle size affects the toxicity of titanium dioxide, algae was exposed to TiO 2 at particle size in the range between 5.3 and 204 nm. Critical specific chlorophyll a content (β) as a function of primary particle size of TiO 2 in terms of EC20 and EC50. Lines are fitted 3-parameter Gaussian equation (7) in SigmaPlot ver. 9.01 for EC20 (dotted) and EC50 (solid). Experimental conditions: initial algae concentration = 1.4 ± 0.9 × 10 6 cell/mL, test duration = 4 days, and initial test volume = 200 mL.
of 87 and 61 mg/L for d 1 of 38.5 and 100 nm, respectively [5] . Gonclaves et al. reported EC50 values varied between 241 mg/L and 71.1 mg/L for TiO 2 sized between 10 and 300 nm [25] . As the primary particle size increased to 204 nm the EC50 and EC20 increased to 9761.3 and 103.7 mg/L, respectively. The results were fitted with an empirical fourparameter log-normal equation:
where α is the effect concentration at either 20 or 50%, a is a fitted constant, b is the concentration of the most toxic ENP size, d 1 (nm) is the initial diameter of the NP, d Figure 5 shows the effect of d 1 of nano-TiO 2 on the chlorophyll a content of the algal cells. The ordinate (β) is the slope of the Chla at the EC20 and EC50 for TiO 2 or the critical specific chlorophyll (CSC) at EC20 or EC50, that is, β 20 and β 50 , respectively. A positive β 20 indicates increase in chla production per mass of TiO 2 at EC20 compared to the control sample; a negative value implies the opposite. As the particle size increased from 4.8 to 30.3 nm, the β 20 and β 50 increased from about 0 to 5.5 L/g TiO 2 .
The β x reached a maximum value at 30.3 nm, then abruptly decreased as the primary particle size increased. At NP size between 4.8 and 18.7 nm, there was little difference between the control and exposure. Results clearly showed that over the primary particle size range studied, for example, 19 ∼ 50 nm, the Chla production increased at EC20 and EC50. When the primary particle size was greater than ca. 150 nm, the β 20 and β 50 became negative, indicating a decrease in Chla. The data was empirically fitted to a three-parameter Gaussian equation (8) using SigmaPlot version 9.01, that is,
The variables in (8) The ε 50 data showed a significant increase in the primary particle size range between 30 and 50 nm. The maximum ε 50 , 15.8, occurred at 42 nm. At primary particle size <30 and >50 nm, the average ε 50 value was 0.70 ± 0.23. Both data sets in Figure 6 were fitted to (8) . The fitted equation had r 2 value of 0.48 and 0.99, for ε 20 and ε 50 , respectively. Results showed that regardless of particle size, lipid peroxidation was increased approximately by 70% at EC50. However, there was Journal of Nanotechnology an increase in ε 50 between 30 and 50 nm, with a maximum of 16.6 L/g TiO 2 at 40.8 nm. Figure 7 shows the normalized specific cell growth (R s ) in the presence of nanosized Al 2 O 3 , SiO 2 , and TiO 2 at various d 1 values and two particle concentrations of 100 and 1000 mg/L. As the primary particle size increased from 15.8 to 67.5 nm for 100 mg/L of Al 2 O 3 , the NSG increased from 0.57 ± 0.13 to 1.20 ± 0.09, respectively. As SiO 2 size increased from 9.6 to 35.6 nm at 100 mg/L, the R s increased from 0.78±0.23 to 0.95±0.05, respectively. R s reached a maximum of 0.84 ± 0.18 at 30.3 nm when TiO 2 concentration was 100 mg/L. The R s then decreased from 0.84±0.18 to 0.44±1.2 as particle size increased from 30.3 to 45.8 nm. For both type and size, TiO 2 at concentration of 1000 mg/L had a greater effect on the R s than at 100 mg/L, except for SiO 2 26 nm. The Al 2 O 3 was at 1000 mg/L and the R s was reduced from 0.44 ± 1.2 to 0.36 ± 0.05 as Al 2 O 3 particle size was increased from 45.8 to 67.5 nm. The greatest impact on R s by TiO 2 at 1000 mg/L was at d 1 of 46 nm with an R s of 0.14 ± 0.09. Treatment with SiO 2 at 1000 mg/L concentration caused R s to increase from 0.27 ± 0.01 to 1.1 ± 1.2 as particle size increased from 9.6 to 26 nm, respectively. The R s decreased from 1.1 ± 0.12 at 26 nm to 0.64 ± 0.24 at 35.6 nm, in the presence of 1000 mg/L of SiO 2 . The R s responded similarly to 100 mg/L of Al 2 O 3 and SiO 2 . As both particles increased in d 1 , the R s increased. Figure 7 shows no apparent difference in the response between the two types of NP. Figure 8 gives plots of the normalized specific chlorophyll a (Y ) for Al 2 O 3 , SiO 2 , and TiO 2 at several primary particle sizes and two particle concentrations (e.g., 100 and 1000 mg/L). increased the normalized specific MDA compared to the control. The average normalized specific MDA for the 1000 mg/L of Al 2 O 3 was 1.14 ± 0.13. This was significantly higher than the control (α = 0.05). The SiO 2 and TiO 2 were fitted with (9), represented as lines in Figure 9 :
where Z is the normalized specific lipid peroxidation, d 1 is the ENP size (nm), d 1 2 is the ENP size (nm) which the minimum value of Z occurs, a and b are fitting parameters, and y 0 is value at which the equation crosses the y intercept. Al 2 O 3 was not included in model fitting because there were not differences in Z across the ENP size profile. This was as expected as Al 2 O 3 is non-photocatalytic. The correlation coefficient (r 2 ) was 0.67 and 0.68 for 100 and 1000 mg/L, respectively. The average minimum value for the fitted equation occurs at 22.1 ± 0.3 nm for both 100 and 1000 mg/L treatments.
Discussion
The discussion will be divided into sections of different ENP materials. The sequence of the section will be from NP with the least number of influential factors (e.g., Al 2 O 3 ) to that of the most number of influential factors (e.g., TiO 2 ). Factors such as water solubility, light availability, flocculation, photocatalytic properties, and ENP size that may impact the algae.
Aluminum Oxide.
Aluminum oxide is the ENP with least number of influential factors in terms of the response by the algae and NP properties. The solubility of Al 2 O 3 was not considered a factor in the toxicity seen in Figure 1 . Unlike other NM such as CdSe that may bring about toxic metals such as Cd 2+ [26, 27] , Al 2 O 3 would not generate enough Al 3+ to cause the decreased growth. Gensemer and Playle [28] reported aluminum toxicity to P. subcapitata (formally known as S. capricornutum), with an EC value of 460 μg/L based on the biomass and 1,320 μg/L based on reduction of cell counts, respectively. The pH range of the above study was 7 to 8.2, which was similar to this study. Metal ions are considered the most bioavailable/toxic species [29] . Using equilibrium constant reported by Sparks [30] , the concentration of (Al 3+ ) from solubility of γ-Al 2 O 3 (c) was calculated to be in the range between 10 −12.5 mol/L at pH 8 and 10 −9.5 mol/L at pH 7. The concentration was several orders of magnitude smaller than what caused significant responses in other algal studies and were not considered the cause of the adverse effects observed. Additionally, Al 2 O 3 is not a photocatalyst. In Figures 3 and 9 , the degree of lipid peroxidation was reduced compared to SiO 2 and TiO 2 . The increase in Z (normalized specific MDA) for Al 2 O 3 ( Figure 3 ) is most likely due to measurements approaching the detection limits of the method (≈0.2 μM as malondialdehyde-thiobarbituric acid complex (MDA-TBA)). In combination with low cell counts at high NP concentration, low MDA-TBA will give large variation in normalized specific lipd peroxidation, Z. This indicates that Al 2 O 3 did not increase the ROS in the system. Therefore, ROS was also not considered a factor in Al 2 O 3 toxicity. Al 2 O 3 NP did not affect the normalized specific lipid peroxidation, Z, or the chlorophyll a content of the P. subcapitata cells. However, Al 2 O 3 NP did affect the growth of the algal cells. This disagreed with Ji et al. [6] who reported that nano-Al 2 O 3 did not have a significant effect on Chlorella sp. Several factors that govern the effect of Al 2 O 3 on algal growth included flocculation, light availability, nutrient availability, and primary particle size, d 1 . First, flocculation was affected by the surface charge (i.e., pH pzc ) of both the algal cells and Al 2 O 3 [31, 32] . Al 2 O 3 has a pH pzc of 8.2-9.1 [30] and P. subcapitata has a pH pzc of about 2 [31] . The difference in pH pzc between Al 2 O 3 and algal cells will induce flocculation and increase the apparent density of the algae [31] . In turn, the ability of the algal cells to remain buoyant will decrease as seen with Microcystis spp. and clay aggregation [32] . In the absence of ENP, as algae cells settle in a pond or river, the light and nutrient availability will change [33] . In most cases, these changes do not favor algal growth [33] . Second, Al 2 O 3 can influence the nutrient availability. Al 2 O 3 can affect the nutrient availability due to adsorption [34] . Speohr and Milner [35] related the availability of nutrients to the chlorophyll content in algal cells (Figures 2  and 8 ). In this study the possible nutrient adsorption was most prevalent when Al 2 O 3 concentration was greater than 100 mg/L (Figure 2) . Finally, NP which has limited solubility under the experimental conditions will increase the turbidity of the test sample. This turbidity will cause a shading effect which will decrease the available light to the algae in photosynthesis [36] . Decreased available light has been shown to decrease chlorophyll content of algae in sponges and decrease growth rate of D. tertiolecta. The shading effect would be from the Al 2 O 3 flocculated with the algae and those NP particles which remain unattached [31] . The flocculation between NP and the algae cells resulted in incomplete, multilayered surface coverage [31] .
The effect of NP size on growth is seen in Figure 7 . Increased growth occurred with increasing the primary particle size of Al 2 O 3 , d 1 . Smaller particles will increase the turbidity of the suspension more than larger particles on the same mass basis, which will increase the effect of shading on the algal cells. The adsorption capacity of nutrients will be greater at smaller d 1 than larger d 1 . With more nutrients being removed from the suspension, the algae will have reduced growth.
Silicon Dioxide.
SiO 2 NM has the same influential factors (nutrient limiting, light limiting) as Al 2 O 3 but has the additional effect on increasing the lipid peroxidation. Like Al 2 O 3 , the solubility of SiO 2 NP was not considered a factor affecting the EC value. Van Hoecke et al. [4] found that SiO 2 at particle size of 12.5 and 27.0 nm had a 72 h specific growth rate EC20 of 20.0 ± 5.0 and 28.8 ± 3.2 mg/L, respectively. Of the NP concentrations used in the Van Hoecke et al. [4] study, the highest concentration of dissolved Si was 4.1 mg/L at pH 7.5. The measured dissolved Si at EC20 in the present study was 234 mg/L, which was adequate to affect the growth of algae. Therefore, dissolved Si was not considered a major factor in SiO 2 toxicity. The difference in EC values between this work and that of Van Hoecke et al. [4] could be due to different initial algal densities. We used an initial cell density of 10 6 and Van Hoecke et al. [4] used 10 5 cell/mL. SiO 2 did not play a major role in the growth of P. subcapitata over the concentration range tested in ourwork, which agreed with Ji et al. [6] who reported little effect on Chlorella sp. Growth at SiO 2 concentration of 1000 mg/L in the size range of 20-50 nm.
SiO 2 caused an increase in lipid peroxidation (Figures 3  and 9 ). An increase in SiO 2 caused an increased average normalized specific lipid peroxidation, Z, (Figure 3) . Although not considered a photocatalyst, SiO 2 has been observed to produce similar photosensitive effects, including increased ROS levels and reduced glutathione levels, as a photocatalyst [1] . In this study, the effect of SiO 2 NP on normalized specific MDA, Z, could be due more to limit light availability than the production of ROS directly. Limited light availability has been shown to produce 1 O 2 under aerobic conditions through back flow of electrons to excite P 680 to 3 P 680 [37, 38] . Here P 680 is the reaction center containing chlorophyll within the thylakoid membrane. The ROS generated in this reaction is responsible for increasing normalized specific lipid peroxidation, Z. The decrease in normalized specific MDA as the concentration of SiO 2 ENP increase was due to turbidity increase and light availability decrease as affected by the particle size. Rayleigh theory of light scattering predicts that light scattering is proportional to the ratio between the radius of a particle and a given wavelength of light with light scattering efficiency being proportional to the fourth power of particle radius [36] . This would reduce the back flow of electrons. The growth of cells at 1000 mg/L (Figure 7 ) was inversely proportional to the lipid peroxidation at 1000 mg/L (Figure 9 ). This was also affected by the lack of flocculation between the algae and the SiO 2 which resulted in evenly distributed shading effect throughout the algal cells.
SiO 2 affected the chlorophyll content of the algal cells (Figures 2 and 8) . Low NP concentration increased Chla, whereas high NP concentration decreased it. Results showed that limited light availability can affect the chlorophyll content in algae [39, 40] . The reduction in light availability would encourage the algae to produce more chlorophyll per cell [41] . At low concentrations the algae will attempt to overcome the decreased light availability. Following the Rayleigh theory of light scattering, the turbidity of the solutions increased with decreased NP size on the same mass basis (Figure 8 open circles) . With increased NP size the light availability to the algae increased; the less chlorophyll a the algae need to produce. The Chla was reduced significantly at 1000 mg/L SiO 2 ( Figure 8 ). Manganese deficiency has been the cause of decreased chlorophyll content in Chlorella fusca and Chlorella vulgaris [42] . Nutrient limitation due to the adsorption of nutrients on SiO 2 may have caused the decreased Chla. The SiO 2 has a pH pzc about 2, similar to that of algae. There have been many studies that show adsorption of cations to NM [43] [44] [45] . In particular, SiO 2 has shown to adsorb Mg(II), Mn(II), Na(I), K(I), Cu(II), and Zn(II) [30] which are all required nutrients from algal cell health.
Titanium Dioxide.
TiO 2 is the NP with the most number of influential factors that affect the responses of P. subcapitata. TiO 2 with pH pzc of 6.5 acted similarly to Al 2 O 3 by flocculating with algae, adsorbing nutrients, and limiting light availability. TiO 2 also acted similarly to SiO 2 by having a portion of the NP remain free in suspension, limiting light availability and affecting lipid peroxidation. However, unlike SiO 2 , TiO 2 is a known photocatalyst that generates ROS.
NP is soluble in water leading to release of metal ions (M n+ ) ions, which are toxic to organisms [28, 29] . This could not be a key factor in the case of TiO 2 . There is little information regarding the toxicity of Ti 4+ . Thermodynamically, the formation of Ti 4+ in aqueous solution will be limited due to the formation of dissolved TiO 2 [46] . This will have minimal effect on organisms because of the small percent of total metal that is present as free metal ion. Therefore, the solubility of TiO 2 was not a major factor controlling the responses of algae to this NP.
Major factors affecting the algal responses include light availability, flocculation, particle size, and photoactivity. These factors are interrelated. When TiO 2 and algal cells are introduced into the suspension, flocculation takes place right away [31] . Like Al 2 O 3 , TiO 2 will affect the apparent density of the algal cells. Flocculation between algal cells and TiO 2 was observed and was consistent with Lin [31] which reported absorption of TiO 2 to P. subcapitata. The flocculation with TiO 2 has the effect of bringing the algae in direct contact with the ROS-generating TiO 2 ( Figure 3 ). The lipid peroxidation may have been affected by the adsorption of NP to the surface of the algal cells. The direct transfer of ROS from the point of generation to the surface of algal cells is important. This can be exemplified by calculating the distance highly reactive hydroxyl radical (OH • ) will travel before it reaches the end of the first half-life. The half-life of ROS is on the order of milliseconds [47, 48] . Lee et al. [49] used the diffusion layer thickness of 800 nm to calculate Ag + diffusion to P. subcapitata. The hydroxyl radical (OH • ) diffusion coefficient is 2.3 × 10 −9 m 2 /s [50] . From Fick's second law of diffusion and assuming the reaction rate of OH
• is on the order of milliseconds, then the OH
• would travel approximately 18 nm before one half of the OH
• would react with other oxygen species in the water. The concentration of OH
• would be reduced by >99% by the time and would diffuse to the surface of the algal cell. It is feasible that if the NP and algae are not in contact, the ROS will not bring about lipid peroxidation. The lipid peroxidation was maximized at d 1 of 42 nm (Figure 6 ) which correlates with the maximum size effect on growth (Figure 4 ). The number of particles that flocculate with an algal cell might be correlated to d 1 . Larger d 1 might decrease the number of NP that will flocculate with algae. This will also affect available light. The incomplete, multilayered coverage of the algal cells, like Al 2 O 3 , may decrease light availability to the algal cells. As discussed with Al 2 O 3 and SiO 2 , the decrease in light will affect the growth and chlorophyll content.
The primary particle size of TiO 2 , d 1 , played a role in algal growth, chlorophyll content of algal cells, and lipid peroxidation of algal cells (Figures 4-6) . All of these endpoints have maximum effect values at the same particle size of 42 nm. Like Al 2 O 3 and SiO 2 , nutrients such as Cu, Fe, or N would be imitated due to the scavenged by NP, which in turn could affect the chlorophyll content. It has been suggested that NP can decrease bioavailability of nutrients, which would contribute to toxicity [6] . The smaller the d 1 , the greater the specific surface area and the more nutrients would be adsorbed. Gao et al. [51] observed that maximum adsorption density of Cd 2+ (Γ max ) varied inversely proportional to the NP size. That relationship would be true for nutrients such as Cu, Fe, or N, which in turn would affect the chlorophyll a production and algal growth [35] . The d 1 primarily affect the critical specific chlorophyl ( Figure 5 ). Lin [31] studied the adsorption of TiO 2 onto P. subcapitata and reported that at pH 7.3 and initial TiO 2 of 150 mg/L, the TiO 2 uptake (no. TiO 2 per algal cell) was constant at 3 × 10 5 TiO 2 particles per algal cell. At higher concentration of TiO 2 , there will be no additional uptake.
The extent of lipid peroxidation has been related to the amount of reactive oxygen species in many different systems including humans to fish to bacteria [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Generation of ROS by NP photocatalysts is related to the size and the type of NP [10, 56] . Size of the particles controls the band gap and surface area [8, 11] . The band gap determines the level of light energy that is converted to protons and the surface area affects the recombination of election-hole pairs. Many studies have shown that optimum degradation of organic compounds occurs of TiO 2 between 3.8 and 40 nm [36, [57] [58] [59] [60] [61] . These values are smaller than what is observed in Figure 6 . The lipid peroxidation in this study may be influenced by adsorption of NP to the surface of the algae. The half-life of ROS is on the order of microseconds, for example, the superoxide anion (
• O 2 − ) has a half-life of 1 μs and hydrogen peroxide (H 2 O 2 ) has a half-life of 1 ms [48, 49] . Due to this time scale, it is feasible that if the NP and algae are not in contact, the ROS will not prompt lipid peroxidation. However, no literature was available regarding how d 1 affects the aggregation between algae and NP. Additionally, light availability is being optimized for ROS generation at d 1 of ca. 42 nm. At d 1 smaller than 42 nm, the surface density of particles increases, which decreases the light availability to the NP in direct contact with the surface of the cells.
Conclusions
This research was undertaken to answer the following questions. How toxic is the TiO 2 to algae? What does NP size play in toxicity? Does the type of NP play a role in toxicity, chlorophyll content, and lipid peroxidation?
The effects of photocatalytic TiO 2 on algae was compared to that of non-photocatalytic nanoparticles (e.g., Al 2 O 3 and SiO 2 ). Based on results, it can be concluded that TiO 2 is "harmful-toxic" between a d 1 of 30 to 60 nm and nontoxic at d 1 < 30 nm and d 1 > 60 nm. The term harmful is defined as measurement endpoints from 10-100 mg/L [62] . The term non-toxic is defined as measurement endpoints >100 mg/L [62] . The most important factor was the surface charge of the material as it affected the aggregation between algae and NP, which in turn affected lipid peroxidation, chlorophyll a content, and growth.
If nanoparticles were released into the environment, algae would be flocculated dependent on the extent of surface charge of the nanoparticles and the algal cells. The algae will attempt to overcome the shading effect by increasing the chlorophyll content in order to optimize the light availability. With a high degree of light scattering, that is, limited light availability, lipid peroxidation may be generated by "back flow of electrons in the PSII from the semiquinone acceptor to the S 2,3 oxidation states of the donor side" [37] . Additionally, as the algae are removed from the water column by an increased rate of settling, the light availability will continue to decrease. Exposure time in the water column will be limited, in most cases, due to flocculation and subsequent settling out of nanoparticles in the water column.
Lipid peroxidation was the only measurement used to determine reactive oxygen species activity. However, it is suggested that several additional biochemical markers be measured in order to observe how the defensive mechanism response of algae in response to nanoparticles. It is therefore suggested that subchronic endpoints be a measurement for future work, including, but not limited to, glutathione, superoxide dismutase, and various direct ROS assays. Additionally, the response of several additional species of algae is recommended for the purpose of comparison. This will add in verifying the results of this study.
